Transition metal-catalyzed C-C bond formation has been widely used in organic synthesis.
One of the most established reactions is Suzuki cross coupling which is the palladium-catalyzed reaction of arylboronic acid and aryl halides. 3, 4 However, the reaction of arylboronic acid and alkene to afford the Mizoroki-Heck-type product has received less attention, even though this reaction condition is halide free and milder than the original Mizoroki-Heck reaction, which employed aryl halides instead of arylboronic acid. Various new methods have been attempted including a variety of transition metal catalysts (Pd, 5 Ni, 6 Rh, 7, 8 and Ru 9 ), base-free condition and microwave irradiation. 10 When this Mizoroki-Heck-type reaction was carried out with palladium catalyst, nitrogen 11, 12 or phosphine-based 13 compounds were generally employed as the ligand. Therefore, ligand-free condition capable of showing high catalytic activity and selectivity is required.
It is well established that silver cation can work as an oxidant in the Pd(II) catalytic system. 14 However, there are very few examples of the use of silver cations in the palladium-catalyzed Heck-type reaction of arylboronic acid and alkenes. 15 Here, we report silver cation-mediated Mizoroki-Heck-type reaction to afford the desired product with high yield and high selectivity under ligand-free condition.
We selected a standard Mizoroki-Heck-type reaction, with the phenylboronic acid (1a) and the electron-poor olefin n-butyl acrylate (2a), as an appropriate first test reaction. The results are summarized in Table 1 . The coupling reactivity was first investigated with a variety of oxidants or bases. We found that the reactivity and selectivity in favor of the desired product 3aa was dependent of the nature of the oxidant or base. Among the oxidants and bases screened, AgOAc afforded the desired product in high yield and with high selectivity (entry 1). Other silver oxidants such as Ag2CO3 and Ag2O gave low yields (entries 2 and 3), while Ag2SO4 or benzoquinone, which is one of the most frequently used oxidants, produced very low yields (entries 4 and 5). The reaction using K3PO4 showed low conversion and afforded a Michael-type addition product as a major one, although at low yield (entry 6). Satoh and Miura reported that K3PO4 afforded a Michael-type addition product as a major output in the presence of phosphite ligand. 16 Carbonate bases afforded a trace amount of the desired product (entries 7-9). When phosphite was employed as a ligand, the reactivity and selectivity were not improved (entry 10). Moreover, triphenylphosphine produced 30% of the byproduct which was derived from the homocoupling of phenylboronic acid (entry 11). All the tested palladium sources showed good yields (entries 1, 12, 13 and 14). A variety of solvents were screened. The addition of water and protic solvents such as iPrOH and AcOH showed low product yield, but not Michael-type addition product was found in the reaction mixture (entries [15] [16] [17] [18] . As the temperature decreased to room temperature, the acrylate was not fully converted (entry 19). When the catalyst loading was decreased to 1 mol %, the yield was slightly increased to 95% (entry 20). With 0.5 mol % Pd at 110 o C, a 65% yield was obtained (entry 21). The best catalytic system for the Mizoroki-Heck-type reaction, 2 mol % Pd(OAc)2 in the presence of AgOAc with DMF solvent, delivered 95% yield and full conversion without any trace of byproducts derived from the Michael-type oxidative addition reaction. In addition, we did not detect the byproduct phenol that is derived from the oxidation of phenylboron compound by boron peroxide, which was generated during the catalytic cycle. 17 With the optimized reaction condition selected from Table 1 , the coupled reactions with different arylboronic acids and alkenes are presented in Table 2 . The Mizoroki-Heck-type coupling products were obtained as major outputs in all cases. The coupling reactions of phenylboronic acid (1a) with t-butyl acrylate (2b), t-butyl acrylamide (2c) and styrene (2d) all gave the desired products in high yields (entries 1-3). The para-substituted substrates such as 4-methylphenylboronic acid (1b), 4-ethylphenylboronic acid (1c) and 4-methoxyphenylboronic acid (1d) also afforded the coupled products in moderate to high yields (entries 4-9). The steric demanding substrate 2-methylphenylboronic acid (1e) showed slightly lower yields (55 ~ 61%) (entries [10] [11] [12] . Attempts to couple with the meta-substituted 2-tolylboronic acid (1f) resulted in reasonable yields (entries [13] [14] [15] . Among the tested alkene substrates, the coupling reaction of styrene showed yields of over 90% (entries 3, 7, 12 and 15). However, the coupling reaction of t-butyl acrylamide afforded lower product yields of 78, 62, 55 and 65% (entries 2, 6, 11 and 14). The chemoselectivity of the system was also briefly explored. Jung's group demonstrated that an amine based-ligand afforded only boron Mizoroki-Heck-type coupled products without any other coupling products. 18 Brown's group reported that Pd-catalyzed haloboronic acid coupling showed no chemoselectivity in the reaction with n-butyl acrylate. 9 Based on their experiment, we conducted a competition reaction using 4-iodotoluene, phenylboronic acid, and n-butyl acrylate under our ligand free catalytic system (Table 3) . In contrast to reports from Jung group, the iodo and boron, Mizoroki-Heck coupled product was formed as major and minor output (64% and 20% respectively). And Suzuki coupling product was obtained with 4% yield in the reaction mixture. Instead of 4-iodotoluene, we employed 4-bromotoluene in the competition reaction system. Unlike the case of 4-iodotoluene, only boron Mizoroki-Heck-type coupled product was selectively obtained without any bromo MizorokiHeck and Suzuki coupled products. In the case of the coupling reaction of aryl substrate with butyl acrylate in our system, the order of reactivity was ArI > ArB(OH)2 >> ArBr.
Notes
Our proposed mechanism for the Mizoroki-Heck type reaction involves transmetallation of the arylboronic acid to the palladium(II) complex followed by the insertion of the alkene into the Pd-C bond (Scheme 1). After β-hydride elimination reaction, the desired Mizoroki-Heck type product was produced, along with Pd(0) species. Silver cations then oxidized the Pd (0) to Pd(II) species. 19 In addition, no Michael-type addition product was obtained in the presence of silver cations, despite the addition of the proton source reagent, such as iPrOH and water, in the reaction mixture (Table 1, entries [15] [16] [17] . When PPh3 was employed as a ligand in this catalytic system, it promoted the homocoupled byproduct (Table 1, entry 11 ).
In conclusion, we developed a ligand-free palladium-catalyzed Mizoroki-Heck-type reaction from arylboronic acid and alkene derivatives using silver cations. This simple catalytic system afforded the desired product in high yield and in the competition reaction of 4-bromotoluene, arylboronic acid and Conversion yields were determined by gas chromatography (GC) by comparison to an internal standard (naphthalene). n-butyl acrylate, it afforded the boron Mizoroki-Heck-type coupled product exclusively. No homocoupled arylboronic acid or Michael-type byproduct was produced.
General Experimental
Pd(OAc)2 (13.5 mg, 0.06 mmol) and phenyl boronic acid (402.4 mg, 3.3 mmol) and n-butyl acrylate (384.6 mg, 3.0 mmol) were combined with AgOAc (751.1 mg, 4.5 mmol) in a small round-bottomed flask. Dimethyl formamide (DMF, 15.0 mL) was added and the flask was sealed with a septum. The resulting mixture was placed in an oil bath at 80 o C for 3 h. The reaction mixture was poured into 30 mL of 5% aqueous LiCl and extracted with (3 × 20 mL) Et 2 O. The combined ether extracts were washed with brine (60 mL), dried over MgSO4, and filtered. The solvent was removed under vacuum, and the resulting crude product was purified by flash chromatography on silica gel. The product was eluted with 5% ethyl acetate in hexane.
